Polyhydroxyalkanoates (PHA) and poly-β-hydroxybutyrate (PHB) in particular have become compounds which is routinely investigated in wastewater research. The PHB analysis method has only recently been applied to activated sludge samples where PHA contents might be relatively low. This urges the need to investigate the reproducibility of the gas chromatographic method for PHB analysis. This was evaluated in a round-robin test in 5 European laboratories with samples from lab-scale and full-scale enhanced biological phosphorus removal systems. It was shown that the standard deviation of measurements in each lab and the reproducibility between the labs was very good. Experimental results obtained by different laboratories using this analysis method can be compared. Sludge samples with PHB contents varying between 0.3 and 22.5 mg PHB/mg sludge were analysed. The gas chromatographic method allows for PHV, PH2MB and PH2MV analysis as well.
Introduction
With the discovery of the Enhanced Biological Phosphorus Removal (EBPR) process (Srinath et al., 1959; Barnard, 1975) and especially with the elucidation of the biochemical mechanisms underlying this process, it became clear that poly-β-hydroxybutyric acid (PHB) and glycogen are the most important storage polymers in EBPR processes (van Loosdrecht et al., 1997a,b) . Intracellular carbon storage other than PHB in EBPR processes was first reported by Comeau et al. (1987) , indicating the existence of co-polymers composed of 3HB and 3HV (3-hydroxy-valerate). In 1992, hydroxy-2-methylvalerate) and 3H2MV (3-hydroxy-2-methylvalerate) to the list of possible co-polymers. Inoue et al. (1996) indicated that polyhydroxyalkanoate (PHA) co-polymers in EBPR processes are composed of random co-polymers with different monomer compositions. According to current knowledge specialised bacteria, so-called Polyphosphate Accumulating Organisms (PAOs) are able to internally store poly-phosphate (poly-P) granules under aerobic or anoxic conditions. A prerequisite for the excess phosphorus to occur is the fact that the biomass first needs to pass through an electron acceptor free phase. In the anaerobic phase PAOs are able to store certain carbon source as PHAs, using energy from breakdown of intracellular poly-phosphate and glycogen (Smolders et al., 1994; Pereira et al., 1996; Hesselmann et al., 2000) .
Initially, PHA analysis techniques were only used for determination of the PHB content in pure culture with high internal storage capacity. Analysis procedures comprised tedious purification steps and could not detect PHV or distinguish between PHB and PHV (Hesselmann et al., 1999) . In 1978, Braunegg developed a PHB analysis method for pure cultures, which is still used today after slight modifications to adapt for the inherent characteristic of activated sludges. The method was later optimised for activated sludge samples by weighing precise amounts of lyophilised biomass instead of taking mixed liquor samples (Apostolides and Potgieter, 1981) . With the development of capillary columns for gas chromatographic analysis of the methylesters produced, the method was optimised further (Comeau et al., 1988) . Despite all the promising results, and the wide spread use of this gas chromatographic analysis, much doubt remained, especially amongst scientists when comparing results from different laboratories for modelling purposes. It was thought the analysis technique still depended largely on external factors and did not fulfil the requirements of a standard measurement procedure.
In the course of the European COST action 682 (Dochain et al., 2000) , a round-robin test was set up between five laboratories to verify the analysis method for PHB from biomass. Lyophilised biomass was analysed using different, but resembling sample preparation and analysis procedures. Results are presented here.
Materials and methods

Sample preparation
Biomass samples were collected from different types of pilot and full scale plants treating either artificial or municipal wastewater and showing a wide range of P-removal capacities. Samples were freeze-dried, shipped to the co-ordinating partner and from there distributed to the participating laboratories for analysis.
The lyophilised samples were subjected to an esterification reaction using an acidified alcohol/organic solvent mixture (Table 1) . Methyl-or propylesters were formed during a 2-4 h incubation period at 100°C in closed cap tubes. Tubes were shaken every 15 minutes to allow good contact between biomass and products. After cooling down to room temperature, the organic phase was extracted with 1-3 ml distilled water by shaking vigorously to remove the cell debris. The organic phase was separated from the water phase or by simple vigorous shaking of the tubes or by applying vortex or by centrifugation. The two liquids were allowed to separate, during which cell debris gathered at the interface. Finally, the organic phase was dried on Na 2 SO 4 . To this end, small tubes can be filled with some glass wool as the bottom layer and Na 2 SO 4 as the top layer. Of the dried organic phase 0.5 or 1 µl, depending on the laboratory, was injected on GC. 
Gas chromatographic analysis
The organic phase was analysed using a Gas Chromatograph (GC). The participating laboratories used different GC brands, columns, injector and detector temperatures and temperature profiles ( Table 2) . All GCs were equipped with a Flame Ionisation Detector (FID) and helium or nitrogen was used as a carrier gas.
Results and discussion
All biomass samples were subject to the complete above-mentioned procedure in at least 4 replicates by each of the 5 laboratories involved. The average PHB content ranged between 0.3 and 22.7 mg PHB/g sludge. It was observed that the standard deviation expressed in terms of percentage obtained by the Belgian laboratory remained nearly constant and very low for all PHB contents. The Dutch laboratory obtained similar results except for the very low PHB contents of the Finish sludge. This result indicates that increased amounts of freeze dried sludge are to be preferred when analysing samples with very low polymer contents. The standard deviations expressed in terms of percentage from the Danish laboratory are consistently higher than values obtained by the other laboratories, which is explained by the lack of shaking. The round-robin test provided proof for the Danish laboratory that shaking during the esterification reaction, i.e. during the heating period, improves the reproducibility of the analysis. The sometimes higher standard deviation expressed in terms of percentage for the samples treated by the Italian laboratory are explained by the absence of an internal standard. It is observed that in general the differences are small and thus form an illustration that very accurate and reproducible results can be obtained by different laboratories, despite small variations in the methods used.
An overview of the average concentrations is presented in Table 3 . To verify for meaningful differences between the averages obtained, a parametric statistical method, ANalysis Of Variance (ANOVA) with two criteria of classifications, was used (Table 4 ). Samples from one wastewater treatment unit are considered as blocks, whereas the different analysis procedures are considered as treatments. The grouping is done to have the units in each block as uniform as possible so that the observed differences will be largely due to the treatments (Steel and Torrie, 1980) . Mathematically, the optimal procedure is to take all individual analysis results into account. However, different numbers of samples were analysed by the different laboratories and the variances obtained by the different laboratories differed. The statistical analysis can be performed both using the average values or accounting for all the measurements performed. Both statistical analyses revealed the same result. Only the one using the average values is presented in Table 4 . For a reliable and general analysis procedure it is expected that analysis procedures, regarded alike, deliver the same result, regardless of the PHB concentration of the lyophilised sludge sample. Statistically this is expressed as the H 0 hypothesis. From the analysis of the ANOVA results, it is clear that the calculated F-value is significantly lower than the critical F-value (4 and 16 degrees of freedom) at a 95% confidence level. It is therefore clear that there is no reason to reject the H 0 hypothesis.
The Italian laboratory is using chloroform as extracting agent, sulphuric acid as depolymerisation agent and methanol for esterification as was mostly applied in the former methods. Clearly this analysis procedure is as valid as the newer ones using dichloro(m)ethane, hydrochloric acid and propanol respectively. Internal standards were only occasionally used. Although the use of an internal standard is becoming more and more common when analysing samples on GC, this is still not a standard working method. The results of the Italian laboratory, working without internal standardS, indicated that the use of an internal standard improves the accuracy because it eliminates for eventual non careful addition of liquids.
Conclusions
The Round-Robin test clearly demonstrates that PHB analysis on activated sludge sampleS performed by different laboratories results in statistically equal observations. The standard deviation of measurements in each lab and the reproducibility between the labs was very good. It was observed that during reaction it is necessary to shake the vials regularly so as to allow optimal reaction conditions. To increase accuracy of the gas chromatographic analysis it is advised to use an internal standard and to use dichloro(m)ethane as solvent instead of chloroform. To eliminate for eventual external factors influencing the analysis procedure, it is advised to analyse every set of samples with one standard. Sludge samples with PHB contents varying between 0.3 and 22.5 mg PHB/g sludge were analysed. The GC method allows for PHV, PH2MB and PH2MV analysis as well. 
